Abstract
Introduction

28
An ever-increasing number of nano-enabled products and processes suggest that engineered 29 nanoparticles (ENPs) may be released into various environmental matrices. This has spurred 30 researchers to study the potential toxicological effects of ENPs on environmental and biological 31 systems at an ever increasing pace and resulted in more than 10 000 papers published on 32 nanotoxicology by 2013.
1 However, properly testing ENPs in relevant exposure scenarios using 33 appropriate controls can be complicated due to the unique physiochemical nature of ENPs. This 34 has resulted in a request for robust, "standardized" assays that can be used to assess the potential 35 ecological or human health impacts of ENPs. approach to identify artifacts in toxicity assays that has been frequently used in algae and human
48
cell viability nanotoxicity assays is the use of similar toxicity methods (e.g., assessing cell viability 49 using both an assay based on metabolic activity and microscopic analysis). [8] [9] [10] In the absence of 50 artifacts or biases, the results using similar methods should be comparable. However, this approach 51 has rarely been applied to nanotoxicity assays involving multicellular organisms.
52
In this study, we examined the performance of an International Standardization Organization (ISO)
53
Caenorhabditis elegans (C. elegans) assay (ISO 10872), a standardized method that has been 54 widely used in the literature, 11-13 using silicon (Si), polystyrene (PS), and gold (Au) ENPs with a results, we also tested these particles using two assays that do not require a bacterial food source: 65 a 6 d axenic toxicity assay with a fully defined medium 14 (Table S1) 
95
Characterization data for all ENPs tested is provided in Table S2 . 
Results and Discussion
213
Using the toxicity assay described in the ISO 10872 standard, the majority of ENPs tested had 214 little to no impact on nematode growth or reproduction, suggesting low toxicity ( Figure 1A 
232
Large agglomerates were visualized by microscopy in wells containing the positively charged
233
ENPs after conducting the ISO assay (Figure 2) , and there was a general trend of larger
234
agglomerates with increasing ENP concentration ( Figure S1 ). These agglomerates were not 235 observed in the control wells or the wells after exposure to negative or neutral ENPs (Figure 2 ).
236
Enhanced darkfield imaging was used to confirm and monitor the process of positively coated 237 bPEI Au ENP agglomeration with E. coli over time. We observed agglomeration for bPEI coated
238
Au ENPs incubated with E. coli ( Figure 3A) . 3B and S2). Rather, the image shows primarily single Au ENPs (faint green) and E. coli (bright 244 white). Image analysis was employed to segment the bacteria particle size and report the 245 percentage of particles greater than 3 µm 2 , the area larger than one single E. coli cell ( Figure 3C ).
246
This shows that for all bPEI coated Au ENPs sizes (30 nm, 60 nm, and 100 nm), approximately 247 80 % of all E. coli had at least formed small-scale agglomerates by the 60 min exposure time.
248
Analysis of average agglomerate size shows a gradually slower increase in the overall size of the or agglomerate size at any time point. The initial fast process of small agglomeration followed by 254 a slow process of large cluster formation is consistent with previously described processes of 255 particle heteroagglomeration. 33, 34 In addition, the agglomerate sizes reported here were measured 256 without solution agitation and were also in media without C. elegans.
257
We used color-based image analysis to confirm that the agglomerated clusters, shown in Figure   258 3A, consisted of both bPEI Au ENPs and E. coli particles (Figure 4) nm, 60 nm, and 100 nm) ( Figure S2B ). Subsequently, the red (R) channel of the color image was 263 divided by the blue (B) channel to produce an image of R/B ratio values, and these R/B ratios were 264 measured for each particle. The range of R/B ratios for each of the 30 nm, 60 nm, and 100 nm Au
265
ENP sizes and E. coli bacteria were distinct ( Figure 4B ). Therefore, image thresholding using the R/B ratios enabled identification of the particles and bacteria in images. The R/B ratios interpreted 267 from Mie scattering theory 36 ( Figure 4C ) are in good agreement with those for Au ENPs measured 268 here, except for CIT-Au ENPs ( Figure 4D ). and E. coli according to their R/B ratios, when measured separately as homogeneous solutions.
281
This behavior was also observed for the 60 nm bPEI Au ENPs ( Figure 4E ) and for the 30 nm bPEI
282
Au ENPs ( Figure 4B ) but was not observed for the other Au ENPs (e.g., 30 nm PEG Au ENPs 283 Figure 3B ). This data suggests that bPEI Au ENP do not form significant homoagglomerates while 284 interacting with E. coli. For all other neutral or negative Au ENP particle coatings (PVP, PEG,
285
CIT) at all studied sizes (30 nm, 60 nm, and 100 nm) no observable agglomeration or interactions
286
were observed when exposed to E. coli ( Figure 3B and S2).
287
The finding in our study that bPEI and we microscopically observed nematodes struggling to break off pieces of the agglomerates, 300 suggesting that they were not able to feed properly (video S1). This decreased feeding is proposed 301 as the mechanism that caused growth and reproduction inhibition.
302
To further evaluate this hypothesis, we examined the effect of ENPs on C. elegans in two assays and, in many cases, ENP exposed nematodes had increased reproduction (exhibited in Figure 1D ) media, 41-43 thus indicating that an axenic assay is valuable for C. elegans toxicity testing.
325
We also examined toxicity via a short-term survival assay with only M9 and ENPs (no bacteria or 326 nutrients) to avoid coating of the particles by constituents of the axenic media and 327 heteroagglomeration of ENPs and bacteria. In these assays, we observed no toxicity for any ENPs 328 after exposure for 24 h, but the nematodes were more sensitive to BAC-C16 than in the ISO assay 329 even though both assays used M9 media ( Figure 1E ). At 5 mg/L of BAC-C16, only 68.9 % ± 14.3
330
% of nematodes survived, compared with little to no effect in the ISO assay at this concentration
331
(data not shown), potentially due to the lack of food in the survival assay thereby making the 
354
Survival assays conducted in half-strength M9 with no food source over 24 h indicated no toxicity 355 from any ENPs tested and an increased sensitivity to the reference chemical control, BAC-C16.
356
The simplicity, lack of bacterial or media component interactions with ENPs, and sensitivity to the 357 control detergent make the 24 h survival assay attractive as a potential standard ENP toxicity assay.
358
In addition, the surface coating of ENPs can change in the environment as a result of either 359 adsorption of natural organic matter which is ubiquitous in the natural environment or from 360 adsorption of biomolecules after passage through organisms, 6,48 and thus the initial surface coating 361 may not be the coating that organisms are exposed to in the natural environment.
362
The interaction between positively charged ENPs and E. coli in our study highlights the need to for E. coli is 1.00 ± 0.11. E) Application of using the distinct R/B ratios for Au ENPs and E. coli 
